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RESEARCH MEMORANDUM

HIGH~SPEED WIND-TUNNEL TESTS OF A -J—il-é-—SCAIZE MODEL OF THE

D-558 RESEARCH ATRPLANE - DYNAMIC PRESSURE AND
COMPARTSON OF POINT AND EFFECTIVE DOWNWASH
AT THE TATL. OF THE D-558-1

By Harold L. Robinson
SUMMARY

Point downwash angles and the dynsmic pressure at the horizontal—
tall location of the D-558-1 airplane have been measured in the
Lengley 8=foot high-speed tunmel. The tests include a Mach number
range of 0.40 to.0.94 end a lift—coefficient range of —0.3 to 0.7.
Comparisons are presented with effective downwash determined from
tall—on and tail—off tesis.

The results Indicate thet the effective downwash angle, when
correctly determined, agrees, within the limites of experimental
accursacy, with point downwash. The downwashk and veloclty changes
that occur at the tall location cannot cause the lnstabillty found
for this airplane at low 1ift coefficients end at Msch numbers
near 0.9. The point downwash angle at a given 1ift coefficilent varies
only slightly with Mach nuwber; therefore, the downwash angle for
level—fllight 1ift coefflclents decreases with increasing speed, and
the rate of decrease with speed 1ncreases wilth altltude.

The rate of change of point downwash angle with 1ift
coefficient Be/BCL) shows a slight decresse with decreasing
1ift coefficient at Mach numbers above 0.9 but indicates neglliglibls
variations at other speeds. The dynsmic—pressuvre ratio qt/q for
level—Tlight 1ift coefficlents 1ncreases slightly with increasing
speed.

Appeniix A glves a method of correlating stability with the
rete of change of downwash and dynsmic pressure at the tail.
Appendix B gives a method of including the effect of tall drag
upon effective downwash obtgined by the tall—on and tall—off method.
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INTRODUCTION

There exlist various methods of measuring the downwash at the
tail location of an alrplane model. Two of these methods, effective
dowawash and point downwash, were investligated to determine thelr
applications and limitations.

Reference 1 indicated that the D-558—1 airplane had negative
static longitudinal stability at low 1lift coefficients for a samall
Mach number range at approximately 0.9. The point downwash and
dynamic—pressure ratio at the tail of this airplane were investigated
in an attempt to ascertain thelr effects on the stability of this
airplane.

The polnt downwash angles were obtained from measurements at
one location with a differential pressure head (yaw heal). Effective
downwagh angles obtalined from horizontal tall—on and tail-off tests
(reference 2} are shown for comparison. The dynamic pressure was
obtained from statlc—pressure and total-pressure measurements at
the horizontal—tail locatlon.

SYMBOIS
a angle of attack measured from alrplane axis
Qo engle fetween yaw—head axls and tunnel center line
Ly angle of stream flow with respect to tunnel center line
¥ flow angle with respect to yaw—head axls
iy angle between the sirplane and yasw—head axes
ig angle of incidence of tail plane
€ downwash angle
%? pressure—~difference coefficient (yaw head)
P stendard atmosplieric pressure
Py static pressure at tall
H¢ stagnation pressure at tail
q free—stream dynamic pressure

LN ASSIFIED
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Qg dynamic pressure at tall

v ratio of specific heats (1.4)

w/s wing losding

Ct, 1ift coefficient

Cn pltching-moment coefficlent about alrplane center of gravity

Cmo pltching-moment coefficlient at zero 1ift about alrplane center
of gravity

ay wing lift-curve slope

at tail—-plane lift—curve slope

S wing-plan—form ares

S¢ tall—plan—form ares

c mean serodynamic chord

x wing moment arm

2 tall moment axm

¥y distance between airplane axis through center of gravity
to horizontal tall plane .

F, P force vectors (see fig. 9)

mp pltching moment about tail canged by forces on tall plane

AM pitching moment sbout alrplane center of gravity caused by

forces on tall plane

Subscripts O, 1, and 2 refer to speclfic values as deflned in paper.
APPARATUS

The downwash—angle and dynamic—pressure investigatlion was
conducted in the Langley 8—Ffoot high—speed tunnel which 1s a single—
return, closed—throat tunnel. The mexlmum corrected Mach number
reported for this investigation was about 0.9%. The Reynolds number

varied from sbout 1 x 106 to 1.6 x 106.
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Model .— The metal model was constructed by the NACA and la described
in references 1, 2, and 3. The complete model, without the stabllizer,
was used for this smeries of tests. A three—vliew drawing of the model is
presented as figure 1.

Yaw—head a—meas mente.— The point downwash
was measured. with & small ya:w hea.d. mounted a.t the 50-percent—chordwise
station, at the left midsemispan of the mtebilizer (fig. 1). The yaw
hesd was mounted on the sting which supported the model in the tunnel.
Thus, when the model angle of attack was changed, the yaw head remeined
fixed with relation to the model. This yaw head 1s the same one that
was used in reference 4. A total-head tube was mounted between the
yaw-head tubes in order to obtain the total pressures. A statlc—pressure
tube was mounted on the right slde of the model, symmetrically with the
yaw head.

TESTS AND REDUCTION OF DATA

The yaw head wag callbrated at the test Mach numbsrs by measuring
the pressures at the open ends of the tubes with the yaw head rotated
at various angles wlth respect to the tunmel axis. The pressures wore
messured with the yaw head in the normsal position and the inverted
position. (The inverted position was obtained by rotating the yaw
head 180° about its axism.) Thig method of calibration, which im the
same as that used in reference 4, eliminates the error dus to stream
misalinement 1in the tunnel.

This calibration method can be further explained by referring
to figure 2. The angle between the yaw—head axis and the tunnel
center line is %y and the average curve represents the pressure

difference that would hmve been measured with a perfectly machined
yaw head. Therefore, the flow for this illustration 1s Inclined
upwards oy  degrees (negative) with respect to the tunnel axis, and

the flow dlirection with respect to the yaw head is glven by
¥ = ay =

Therefore, when a pressure—difference coefficlent of (%2)1

megsured at the tail plane with the yaw head in the uprdight position,
the flow direction with respect to the yaw head is the angle ¥;,

not ayl.. The point downwash angle is given by

€ =a+ iy —¥ (1)
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where a 1s the corrected angle of attack of the model and 1y is the
angle between the model center line and the yew-heasd axls, teken as
positive clockwlse from the model center line when the model is viewed
from the left. Furthermore it was found thet the calibration of the
yaw head remsined constant wlth chenges In free—stream Mach-:nurmber. .

The total-hesd tube between the two tubes of the yaw head, and
the static—pressure tube were calibrated st the seme time the yaw head
was calibrated, and 1t was found that no error was introduced by the
flow being slightly inclined with respect to the total-head or the
gtatic—pressure tubes. The dynamic pressures at the tall were obtained
by measuring the static pressure p; and the total pressure H; at the
horizontal—tall location. The dynamic pressure at the tall was then
calculated from

R G ®

where 7 1s the ratio of specific heats for alr and is equal to 1.4.

The Jet—boundary, constriction, and weke—blockage correctlons
that were applied to Mach number, 1lift coefficlent, and free—stream
dynsmic pressure in reference 1 were spplied to these dsta. The
magnitude of the downwash engle depends on the sum of three angles
whoge individusl measurements are accurate to 0.1°. The total error
for the downwash sngle € may therefore be as large as 0.3°. Jet—
boundary correctlions have not been applled to the downwash—angle dsta.
These Jet—boundary correctlions are ususlly smaller than 0.3°.

RESULTS AND DISCUSSION

The variastion of point downwash with 1ift coefficient 1s
presented in figure 3. The point downwash is also compared with the
effective downwash obtained from reference 2.

The point downwash and effective downwash are In agreement
within the experimental accuracy of the data at Mach numbers
below 0.875. The dilscrepancy which was as large as 3° at higher
speeds l1s partly attributable to the method used in camputing the
effective downwash, in which the alrplans pitching moment due to
the drag of the stabillzer was assumed to be of negligible consequence.
While the drag of the tail has little effect at the lower speeds, 1t
hag a sizeable effect on the effective downwash values determined by
this method at the higher speeds, especlally if the critical speed of
the taill plane has been exceeded. A correction for thils drag effect
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is given 1n appendix B. The data were recomputed, using thls method,
for Mach numbers of 0.6 and 0.933. There was no significant change in
the values reported in reference 2 at a Mach nmumber of 0.6, but the
values of the downwesh angles were reduced sbout 1° at a Mach number
of 0.933 (fig. 3). The data obtalned by the corrected method, however,
are still subjJect to the errors Inherent in the graphical procedure.

Furthermore the method for obtaining effective downwash in
reference 2 does not consider any interference effects which exlst at
the fin—gtabllizer Juncture. The flow at the under side of the
stabilizer at the Juncture may he accelerated because of the fin
atebllizer and fuselage Juxteposition. This consilderation would
effectively glve the stabllizer negative aerodynamic camber which
would Increase the stablllizer angle of zero lift. Tests of the model
without the wing and with and without the stabllizer indicate that
the apparent zero—lift angle of the tail is approximstely 1.7° at
low Mach numbers and that the zero—lift angle at a Mach number of 0.93
is approximately 1.5° higher than the zero—lift angle at low speeds
(fig. 4). The downwash angle, as indicated by the point—downwash
method, is &lso 1.7° at zero 1lift (fig. 3). It is concluded that
the flow at the tsll 1s influenced by the rudder and fuselage shape
to cause a downwash of 1.7° at zero 1ift, The increase of zero—lift
angle with Mach number, if teken into account for the effective—
déwnwash measurement, consequently would reduce the value from
reference 2 by 1.5° at a Mach number of 0.93. Figure 3 indicates
that the downwash angles glven by the point—downwash method and
effective—downwash method may be in fair agreement when the tall
drag and interference are consldered.

The effective downwash angle represents & mean value, and since
the point downwash engle represents the value at e specific point,
the difference between the polnt downwash and the corrected effective
downwash mey glve an indication of the spanwlse varlation of the
downwash at the taill. When the effective downwash is equal to the
point downwash, there may or may not be a spanwlse variatlon of
downwash; but when there is a difference between the effectlive down—
wash and polnt downwash, & variatlion 1n the magnitude of the downwash
angle at different spanwise statlons of the tall exists. These testis,
however, do not Indicate that a spanwlse variation exists. It may be
concluded that the effective downwash 1s not a measure of the actual
flow direction at a given point at the tall location at high speeds,
and the point downwash cannot be utilized to 1ndlcate control settings
required to trim wlithout consilderation of the spanwise distribution of
polint downwash.

The point—downwash data presented in reference 4 indicated an
increaese in downwash angle with Mach number st a glven 1lift coefficilent
beyond the force—bresk Mach number of the wing. These data are not
directly comparsble to the data in this paper since the wing aspect
ratioc is smaller and the locaetlon of the tall is higher for the
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D-558—1 airplane than for the configuratlons investigated in reference k.
Furthermore, the data in reference 4 indicated that as the height of the
tall was increased, the effect of Mach number on downwash angle wes
diminished. The data In reference L4 therefore are not in disagreement
with the. point—downwash date presented In thls paper.

Figure 3 1ndicates that the polnt downwash increases with 1ift
coefficilent; that there is very little change with Mach number at a
glven 1ift coeffliclent; and that the variation of the rate of change
of point downwash BG/BCL mey cause & stabllizing effect at low 1lift

coefficients and high Mach numbers for the D-558—1 airplane. Therefore,
the change of ae/BCL does not account for the umstable tendency
reported in referemce 1. Furthermore, the effective—downwash data of
reference 2 Indicsted similar effects In seversl instances.

The polnt downwash angles at level—flight 11ft coefficients are
presented as a function of free—stream Mach number in figure 5. The
level—flight 1ift coefflclents were computed from

oL, = 25 ¥ (3)
L7 omE S

where the wing loading W/S is 58 pounds per square foot, p 1s the
gstandard pressure &t the sltitude for which the computatlions are made,
M ies Mach number, and 7 1s the ratic of specific heats for air and
is equal to 1.lt. Thus the point downwash angle at a glven Mach number
and computed 1ift coefficients are obtalined from figure 3 and plotted
as & function of Mach number and altitude in figure 5. This figure
indicates that the polnt downwaesh angle decreases as the alrplane speed
Increases, and the rate of decrease of downwash angle with speed will
increase with Increasing altltude.

The variation with Mach number of the rate of change of point
downwash with 1ift coefficient BE/BCL at level—flight 11ft coefficients
is presented in figure 6 and is obtained by measuring the gslopes of the
curves of figure 3 at the computed level—flight 1ift coefficient for a
given Mach number and altlitude. This figure (fig. 6) indicates that at
level—flight 1ift coefficients O€/3Cr, remains nearly constant up to &
Mach number of 0.85 (approximate) and then decresses epproximately
from 5 to a value of 4 at a Mach number of 0.933, the highest Mach
number reported.

The relationship between incrementael rate of change of down—

wash Q—G- and incremental stabllity A;m due to downwash changes

C1,
€
1s developed in appendix A. It is indicated that when BE/BCL
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decreases 1.0, at a Mach number of 0.933 the stability parameter JCp/dCr,

consequently will decrease approximately 0.04. Thus, there is a tendency
to increase the gtability of the airplane by 0.0L at the highest Mach
number reported (0.933). It should be remembered, however, that polnt—
downwash changes cannot be utllized to estimmste stablllty changes
accurately unless the gpanwise distribution of downwash ls taken into
account. The foregoing values are egented merely to lindicate the
relative order of magnitude of de/dCy, increments and stabllity

increments. :

The dynamic pressures measured at the tall are presented in
figure 7 as a functlon of 1ift coefficient at variocus values of the
corrected free—gtresm Mach number. A cross plot presenting the dynamic—
pressure ratio as a functlion of Mach number and 1lift coefficient is
presented in figure 8. This figure indicates that the dynemic—pressure
ratio is approximstely equal to unlty, for the lift—coefflclent range
meagured, up to a Mach number of approximately 0.75. Above & Mach
number of 0.875, the dynamic-pressure ratio at a given Mach number
varies inversely with 1ift coefficient. The relation between Incremental

dynamlc—pressure ratio A%t and incremental stabllity <A%C]C£> is

‘developed in appendix A. Figure 8 and equation (A}) indicate that the
megsured dynsmic-pregsure—ratlo chenges have a small effect on the
gtatic longitudinal stability of the D—558—1 airplane. The variation
of dynamic—pressure ratlio with Mach number at level—flight 1ift coef—
flclient (fig. 9) indicates that the maximm increase in dynamic—pressure
ratio 1s approximately 0.03 at a Mach number of 0.9. Equation (Ak)
indicates that this would cause the elrplane static—longitudinal-—
stability parameter JCp/dCy, to decrease spproximately 0.007, making
the alrplane more stable by this amount. It should be remembered that
appendix A indlcated that the two effects camnot be added to obtaln
the total—stabillity change.

CONCLUSIONS

Meagurements of point downwash and dynamic pressure at the stabllizer
location of the D-558-1 ailrplene indicate that:

1. Effective downwash determined from the tall—on snd tall—off tests
differs from the values obtalned by the point—downwash method by ss much
as 39; however, effective downwash agrees, within the limits. of experi—
mentel accuracy, with polnt downwash, 1f the effectlive-downwash determi—
nation includes a consideration of tall dreg and fin-stabilizer—fuselage
interference. The spanwise varlation of polnt downwesh at the tail should
be considered to determine the effect of downwash on trim configurations.

.
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2. The flow direction at the taill is influenced by the fuselage and
rudder shape; furthermore, the colincldence of zero downwash and zero
1i1ft is not & necessary conseguence.

3. The rate of change of downwash angle wlth 1ift coefflclent does
not change through the lift—coefficient and Mech number ranges investl—
gated in e menner which would produce the decrease of static longltudinal
gtebllity which exists for thils alrplane for & small 1ift—coefficient
and Mach number range. Rather, a tendency to increase the static
longlitudinal stability at low 11ft coefficlents and higher speeds occurs.

4. At level—flight 1lift coefficilents, the point downwash angle
decresses with increasing speed, and the rate of decrease with speed
increases with altitude. There were no ebrupt downwesh changes due
to increasing Mach number.

5. The dynamic-pressure changes that occur &t the horizontal tail
of the D-558—1 airplene, within the range of this investigation, are
not sufficient to affect the static longltudinel stability of this
alrplene seriously.

Langley Aeronsutical Laboratory
National Advisory Committee for Aercnautics
Langley Field, Va.
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APPENDIX A

THE EFFECT OF THE RATE OF CHANGE OF DOWNWASH WITH
LIFT COEFFICIENT, AND OF THE DYNAMIC-—PRESSURE

RATTIO ON STATIC LONGITUDINAL STABITITY

The effect of changes in the rate of change of downwash
angle 0€/dCr, and dynamic—pressure ratio gqi/a@ on the static
longitudinal stabllity cheracteristics has been celculated by the
equations developed in thia appendix.

Neglecting the contributlon of the tall plane to the total
girplane 1ift, all drag and thrust components, and all 11ft and
moment components except those due to the wing and stabllizer, the
pitching—moment coefficlent can be wriltten in the familiar
simplified form:

0]

: A
Cm = aoy B+ Omg = (& + 16— €) &y F T 5 (A1)

where & 18 the lift—curve slope; x 1s the horizontel distance from
the wing serodynamic center to the airplane center of gravity taken as
positive when the aserodynamic center is ahead of the center of gravity;
¢ 1s the wing mean aerodynamic chord; S is the plan—form area; 1 is
the tail moment arm; and subscripte w and t refer to the wing and
horizontal teil plane, respectively. The familiar simplified form

of the stebility equation i1s:

Ny x /1 _de Y. atS5tl
T NPT

The lncrementel stabllity due to chesnges only in the rate of
variation of downwesh angle with 1ift coefficient 1s

Si+ 1 a
é?c?)j‘%‘c%at -y (43)
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and the incremental stability due to dynamic-pressure—ratio changes

only is
oCy at t /1 Qe

The tall volume coefficlent %t--cz:— of the D-558-1 airplane is 0.667-

The value of a, to be used in equation (Al) msy be obtalned fram
reference 3 where 1t ia given as 0.09 at a Mach number of 0.9. The velue
of at to be used with equations (A3) and (Ak) is ebout 0.06. This value
of a4 was obtalned from tests without the stabilizer and with the
stebilizer get at various incidence angles both without the wing.

T+ should be emphasized that adding the separate effects of
equations (A3) and (A4) does not give the complete stability change
since the term Involving the profiuct of the increments is not included.
However, this product term is usually small.
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APPENDTX B

A METHOD OF OBTATNING DOWNWASH FROM TESTS
OF AN AIRPTANE MODEL WITH AND WITHOUT

THE HORIZONTAL TATL

The forces on & horizontal tall msy be specified by force
vectors F and P and the couple m; (fig. 10). The force
vectors F and P are perpendicular snd parallel to the stresm
direction. However, instead of the vectors F and P, we may
uge vectors F; and P, perpendicular and parallel to the tail DPlene,

or Fo and P, perpendicular and parallel to the alrplane axis.

The following relationships may be establlshed from the gecmetry
of figure 10:

Fy = F cos (d. + 1t) + P sin (cr. + it) (B1)
Fo =F coma + P gin o

(B2)
Pp =P cogs oo—F gin o

AM = yPp — 1Fp + my (B3)

When the angle of attack of the symmetrical tall section is zero,

€=a,+it
Fl=0
m, = 0
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and, from equation (Bl), for Fy =0
F=—Ptan (@ + 1 - (BY)
£

Substituting equation (BL) in equations (B2),

Fs =P [sina.—tan (c.+ it) cos r.r.:l
(85)
Py =P I:cos<x.+tan (cc+it) sina.]
Substituting equations (B5) in equation (B3),
MM = 3P [cos o + tan (a.+ 11:) sina,:l
— 1P I:sin o — tan (cr, + it) cos cr.]
which can be simplified to
AM =P (y cos 1g + 1 gin 1t) sec <o. + i-l-,) (B6)

But,

,t)a (a,+it)2+. .

cos (cr.+it)=l—180 ot

where angles are given in degrees. Thus, for smell values of « and 1,
equation (B6) reduces to

AM = P (y + l—ga- Iit) (B7)
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Writing equation (B7) in coefficient form gives
_ I,z 1
ACp = ACp <c + 785 2 it) (B8)

Since %’ = 0.51 and Ez = 2.39 for the D-558-1 alrplane,

AC, = ACp (0.51 + 0.0k17 1t) = ACp f (1) (B9)

for F; = O. The downwash angle 1s given by

~
€ = a + 1t

Vhere - (BlO)

ACy = ACD][(it)

Py

Thus, 1f the tail-moment increment from test data 1s plotted against 14
for a constant o and Mach number, and if equation (B9) is plotted on
the same coordinates, the Intersection will glve a value of o and I

whose sum is equal to the downwaesh angle. It will be of some help to
note that while ACp 1s a function of «, 1, &and Mach number, 1t may

be assumed that its varlation with o« and 1y 1is small enough to be
ignored. in meny practical examples.
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